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TORQUE RIPPLE AND NOISE REDUCTION BY AVOIDING MECHANICAL 
RESONANCE FOR A BRUSHLESS DC MACHINE 

BACKGROUND 

[0001] This invention relates generally to a method and system of avoiding 
mechanical resonance and thereby reducing the audible noise in mechanical system 
such as HVAC systems. Specifically, the frequency of the torque ripple is shifted to 
avoid mechanical resonance of a blower assembly being driven by a brushless DC 
machine. 

[0002] Torque ripple in conventionally excited brushless DC motors is related 
to the flatness of the torque waveform of the motor, which in tum depends on the 
back EMF and current waveforms. A single-phase brushless DC motor inherently 
develops relatively higher torque ripple magnitude than it's three-phiase coimterpart. 
Such torque ripple results in mechanical vibration of the mechanical systein resulting 
in undesired audible noise. It will be appreciated that the audible noise generated 
depends upon several factors including mechanical system resonance frequency, 
magnitude and frequency of the torque ripple developed by motor. The frequency of 
torque ripple is typically of order 50Hz - 250Hz, which is in vicinity to the 
mechanical system resonance frequency. 

[0003] Various other methods have been proposed in the past for torque ripple 
reduction of single-phase electrically commutated machines (ECM) which fall mainly 
in either following approaches: 

[0004] (A) Advancing the commutation angle of motor drive circuit, which 
reduces negative torque as well as peak-to-peak torque ripple; 

[0005] (B) Injecting a constant current into the motor. 

[0006] Advancing the commutation angle requires sophisticated controls and 
additional feedback sensors and increases motor current. Injecting a constant current 
decreases efficiency and increases heat dissipation. Although these methods would 
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reduce the torque ripple magnitude they do not address the fact that the frequency of 
the torque ripple still remains below the mechanical assembly resonant frequency. 
Hence the torque ripple produced still results in audible noise. Therefore, what is 
needed in the art is a method for shifting the spectral content of the torque ripple and 
to make it flat to avoid the mechanical assembly excitation. 

[0007] The above discussed and other features and advantages of the 
embodiments will be appreciated and understood by those skilled in the art from the 
following detailed description and drawings. 

SUMMARY OF INVENTION 

[0008] Disclosed herein in m exemplary embodiment is a method of reducing 
torque ripple and noise for an brushless DC machine comprising: determining a 
control frequency for the electric machine, the control frequency indicative of an 
existing current command to and a rotational velocity of the electric machine; 
multiplying the control frequency by a selected multiple and forming a modulating 
signal responsive thereto; and formulating a modified command profile. The method 
also includes: correlating and synchronizing the modified command profile with the 
existing current command and a rotor position for the electric machine; and 
generating a modulated current command to the electric machine. 

[0009] Also disclosed herein in an exemplary embodiment is a system for 
reducing torque ripple and noise for an electric machine comprising: an electric 
machine in operable communication with an inverter; a position sensor in operable 
communication with the electric machine, the position sensor configured to detect a 
position of the electric machine and transmit a signal indicative thereof; and a current 
sensor configured to measure a current supplied to the electric machine and transmit a 
signal indicative thereof The system also includes a controller in operable 
communication with the inverter, the position sensor, and the current sensor, the 
controller configured to execute a method comprising: determining a control 
frequency for the electric machine, the control frequency indicative of an existing 
current command to, and a rotational velocity of, the electric machine; muhiplying the 
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control frequency by a selected multiple and forming a modulating signal responsive 
thereto; formulating a modified command profile; correlating and synchronizing 
modified command profile with the existing current command and a rotor position for 
the electric machine; and generating a modulated current command to the electric 
machine. 

[0010] Disclosed herein in yet another exemplary embodiment is a system for 
reducing torque ripple and noise for an electric machine comprising: a means for 
determining a control frequency for the electric machine, the control fi-equency 
indicative of an existing current command to and a rotational velocity of the electric 
machine; a means for multiplying the control frequency by a selected multiple and 
forming a modulating signal responsive thereto; a means for formulating a modified 
command profile; a means for correlating and synchronizing the modified command 
profile with the existing current command and a rotor position for the electric 
machine; and a means for generating a modulated current command to the electric 
machine. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] Referring to the exemplary drawings wherein like elements are 
numbered alike in the several Figures: 

[0012] Figure 1 depicts a PM motor system in accordance with an exemplary 
embodiment; 

[0013] Figure 2 is a flowchart depicting a methodology in accordance with an 
exemplary embodiment; 

[0014] Figure 3 A depicts an illustrative modified command profile; 

[0015] Figure 3B depicts an illustrative modified command profile in 
accordance with an exemplary embodiment; 
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[0016] Figure 3C depicts an illustrative modified command profile in 
accordance with an exemplary embodiment where the magnitude and frequency of the 
command profile is modulated. 

[0017] Figure 4A depicts an illustrative current waveform for a motor; 

[0018] Figure 4B depicts the spectral content of the torque waveform of 
Figure 4C; 

[0019] Figure 4C depicts an illustration of the torque produced with the motor 
current of Figure 4A; 

[0020] Figure 5A depicts an illustrative current waveform for a motor in 
accordance with an exemplary embodiment; 

[0021] Figure 5B depicts the spectral content of the modified torque 
waveform of Figure 5C; and 

[0022] Figure 5C depicts an illustration of the torque produced with the motor 
current of Figure 5 A. 

DETAILED DESCRIPTION OF THE INVENTION 

[0023] Referring now to the drawings in detail, FIG. 1 depicts a PM motor 
system where numeral 10 generally indicates a system for controlling the torque of a 
sinusoidally excited PM motor 12. The system includes an optional rotor position 
encoder 14, speed measuring circuit 16, controller 18, power circuit or inverter 20 and 
power source 22. 

[0024] In the scheme depicted, the torque of the motor 12 is controlled using 
current mode control utilizing a current sensor 15. For current mode control, a current 
sensor 15a, 15b, and 15c (only one for single phase motors) transmits signals 25a, 
25b, and 25c respectively, to the controller 18 indicative of the motor current (one or 
more phases, three are shown). In current mode control, a desired current (based 
upon a conmiand or desired torque) is compared with an actual torque (proportional to 
current) appUed to the motor 12 in a closed loop feedback system. Optionally, in 
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voltage mode control, instead of/in addition to, controlling the torque producing 
current, the controller determines the voltage required for producing the desired 
torque. Often this is accomplished by employing a model of the motor 12 and the 
parameters for the motor 12. While an exemplary embodiment of the invention is 
described by way of illustration with current mode control, it will be appreciated that 
voltage mode control may be employed with motor current sensing. 

[0025] Continuing with FIG. 1, for the controller 18 to develop the correct 
current/voltage needed to produce the desired torque, position etc, the position and 
speed of the rotor is often utilized. An optional rotor position encoder 14 is connected 
to the motor 12 to detect the angular position of the rotor. The encoder 14 may sense 
the rotary position based on optical detection or magnetic field variations. The 
encoder 14 outputs a position signal 24 indicating the angular position of the rotor. In 
an exemplary embodiment, a Hall sensor is employed for the position sensor 14. 

[0026] Optionally, from the position signal 24, a velocity measuring circuit 16 
determines the velocity of the rotor and outputs a velocity signal 26. The circuit 16 
may include a counter that counts the position signal pulses for a predetermined 
duration. The count value is proportional to the velocity of the motor. For example, 
if a counter counts the position signal pulses in time intervals of 5 ms and the encoder 
has a resolution of 2.5 degree, the speed measurement will have a resolution of about 
41.7 rpm. The speed signal can also be obtained as the derivative of the position 
signal from the equation com=AQm/At where At is the sampling time and A9m is the 
change in position during the sampling interval. In yet another option, a velocity 
sensor 17 may be employed to directly measure the velocity of the motor 12 and 
provide a velocity signal 26. 

[0027] The current signals, 25a, 25b, 25c, position 24, velocity 26, and a 
torque/current (or a position) command signals 28 are applied to the controller 18. 
This current may be measured at the output from, or the input to, the motor 12, in the 
inverter 20, or may be estimated from measurements of the rotor speed or position 
and the current drawn by the inverter 20. The sensors 15a, 15b, and 15c are shown 
for clarity. The torque/position command signal 28 is indicative of the desired motor 
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torque/position. In an exemplary embodiment, the controller 18 determines the 
voltage amplitude Vref 30 required to develop the desired torque/position by using the 
current, position, speed, and torque command signals 24, 26, 28, and other fixed 
motor parameter values. For a three-phase motor, three sinusoidal reference signals 

that are synchronized with the motor back EMF E are employed to generate the 
required motor input voltages. For a single phase motor only a single reference signal 
and phase voltage command signal is employed. For a current controlled motor, the 
measured cvirrent(s) are compared with the desired current/torque to form a 
current/torque error. This error is then utilized to form a voltage conmiand (e.g. Vref 
30) to the motor responsive to the current/torque error. 

[0028] The controller 18 transforms the voltage amplitude signal Vref 30 into a 
phase voltage command for application to the motor 12. For a single phase machine, 
the inverter 20 applies current to the poles of the stator of the PM motor 12 in 
accordance with the position of the motor. Alternately exciting the poles to induce 
attraction and repulsion of the rotor poles. In an exemplary embodiment, a standard 
H-Bridge inverter 20 with four switching devices (not shown) is employed for a PM 
motor 12 with two poles. It will be appreciated that a variety of PM motor and 
inverter configurations are conceivable. Multiple pole configurations include 
numerous benefits, but also add complexity to the controller 18 and inverter 20. 

[0029] For a three phase machine, the controller 18 transforms the voltage 
amplitude signal Vref 30 into three phases by determining phase voltage command 
signals Va, Vb, and Vc from the voltage amplitude signal 30 and the position signal 24 
according to the following equations: 

Va = VrefSin(e) (1); and 

optionally Vb = V^r sin(e - 1 20°) (2); and 

Vc = Vref sin(e- 240°) (3). 

[0030] Motor voltage command signals 32 (single phase or multi-phased) of 
the controller 18 are applied to a power circuit or inverter 20, which is coupled with a 
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power source 22 to apply a phase voltage(s) 34 to the stator winding(s) of the motor in 
response to the motor voltage command signals 32. But in order to generate phase 
voltages 34 with an average sinusoidal shape, switching devices (not shown) of the 
inverter 20 must be turned on and off for specific durations at specific rotor angular 
positions. Control of the inverter 20 may be implemented according to any 
appropriate pulse width modulation (PWM) scheme. 

[0031] In an exemplary embodiment, the motor 12 and controller 18 employ a 
control scheme that increases the torque ripple fi-equency of the motor 12. Turning 
now to Figure 2 as well, a flow chart depicting an exemplary firequency shifting and 
current control methodology 100 is depicted. The current control methodology 100 
addresses the issue of audible noise in the motor 12 by changing/shifting the torque 
ripple firequency rather than necessarily addressing the magnitude of torque ripple. 
The fi-equency of the torque ripple is shifted by manipulating the "fi-equency" of the 
current applied to the motor. In addition, the flatness of the torque waveform may be 
increased by modulating the amplitude of the current command. In an exemplary 
embodiment, current through the motor is forced to be at higher fi-equency, which is 
an integral multiple of the back EMF signal and the current magnitude is varied over a 
cycle. Modification of the current magnitude facilitates torque ripple reduction, while 
manipulation of the frequency shifts the frequency of the torque ripple. 
Advantageously, then the mechanical assembly (e.g., motor and mounting and load) 
acts as a filter to attenuate the high frequency components of the torque. This results 
in a lower torque ripple and hence less audible noise. 

[0032] Continuing with Figures 1 and 2, in an exemplary embodiment, the 
frequency shifting current control methodology is employed to manipulate the 
commanded current to include higher frequency components. As a result the torque 
ripple also exhibits higher frequency components. At process block 102, the 
frequency of rotation for the motor 12 is determined based on the position sensor 14. 
At process block 104, the frequency of the motor is injected/modulated with a 
frequency that is higher than the existing frequency. In an exemplary embodiment, an 
integral multiple of the back EMF is employed. For example, three times the 
frequency as determined. This results in a torque ripple frequency of six times the 
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frequency of the back-EMF. At process block 106, a modified command profile 
employing the higher frequency elements is generated. The modified command 
profile is a combination of the existing (lower frequency) command including the 
modulated or "chopped" higher frequency. For example, as may be seen in Figure 3 A 
an illustrative half pulse/period of the current command is depicted. In Figure 3B, the 
full period is modulated by a frequency six times greater, and thereby segmenting the 
half period into three smaller "pulses". A similar modification and segmenting is 
employed for the remaining half period. In an exemplary embodiment, positive 
pulses are employed returning to approximately zero as depicted. Figure 3C depicts 
an instance where the magnitude and frequency of the contmiand profile is modulated. 

[0033] Returning to Figure 2, the modified command profile is correlated and 
synchronized with the existing current command at process block 108 to form a 
modified current command including the higher frequency components. The 
modified current command is then directed to the motor 12 as depicted at process 
block 110. 

[0034] Turning now to Figures 4 and 5, wherein the advantages and benefits 
of an exemplary embodiment may become readily apparent. Figure 4A depicts an 
illustrative current waveform for a motor. Figure 4B depicts the spectral content of 
the torque waveform of Figure 4A. Figure 4C depicts an illustration of the torque 
ripple associated with the motor current of Figure 4 A. 

[0035] Figure 5A depicts an illustrative current waveform for a motor in 
accordance with an exemplary embodiment. It will be appreciated that the waveform 
is modulated with a frequency of about six times the original current frequency. 
Figure 5B depicts the spectral content of the modified torque waveform of Figure 5 A. 
Note how the primary spectral energy has shifted to approximately 600Hz. Finally, 
Figure 5C depicts an illustration of the torque associated with the motor current of 
Figure 5 A. Note how the frequency of the torque ripple has increased relative to that 
depicted in Figure 4C. 
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[0036] It will be appreciated that the proposed methodology exhibits 
numerous advantages over existing methodologies for reducing the audible noise. 
First, the traditional methods each have a limit beyond which they fail to reduce the 
torque ripple. Second, the existing methodologies often require increased currents, 
which reduces efficiency and increases heating. Conversely, it should be appreciated 
that the methodology disclosed herein increases the torque ripple frequency rather 
than necessarily changing the torque ripple magnitude. The shift in torque ripple 
firequency results in reduced audible noise as the higher frequency torque ripple 
avoids resonant frequencies of the motor 12 and associated mechanical assemblies. In 
fact, it should be noted, that in some instances the magnitude of the torque ripple of 
the motor alone may actually increase. Yet, because of the new frequency and the 
damping effect of the mechanical apparatus, the torque ripple and the audible noise 
there from is reduced. Third, the disclosed system and methodology is independent of 
the mechanical assembly employed. Systems that rely solely on the mechanical 
assembly to eliminate torque ripple are highly dependent upon variations in the 
mechanical assembly and the dynamics thereof. In the instance of the exemplary 
embodiments disclosed herein, while the mechanical assembly is utiUzed to attenuate 
the higher frequency torque ripple, sensitivity to variations in the dynamic 
characteristics of the mechanical assembly are significantly reduced. 

[0037] The disclosed invention can be embodied in the form of computer or 
controller implemented processes and apparatuses for practicing those processes. The 
present invention can also be embodied in the form of computer program code 
containing instructions embodied in tangible media 13, such as floppy diskettes, CD- 
ROMs, hard drives, or any other computer-readable storage medium, wherein, when 
the computer program code is loaded into and executed by a computer or controller, 
the computer becomes an apparatus for practicing the invention. The present 
invention may also be embodied in the form of computer program code as a data 
signal 23, for example, whether stored in a storage medium, loaded into and/or 
executed by a computer or controller, or transmitted over some transmission medium, 
such as over electrical wiring or cabling, through fiber optics, or via electromagnetic 
radiation, wherein, when the computer program code is loaded into and executed by a 
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computer, the computer becomes an apparatus for practicing the invention. When 
implemented on a general-purpose microprocessor, the computer program code 
segments configure the microprocessor to create specific logic circuits. 

[0038] It will be appreciated that the use of first and second or other similar 
nomenclature for denoting similar items is not intended to specify or imply any 
particular order unless otherwise stated. 

[0039] While the invention has been described with reference to an exemplary 
embodiment, it will be understood by those skilled in the art that various changes may 
be made and equivalents may be substituted for elements thereof without departing 
from the scope of the invention. In addition, many modifications may be made to 
adapt a particular situation or material to the teachings of the invention without 
departing from the essential scope thereof Therefore, it is intended that the invention 
not be limited to the particular embodiment disclosed as the best mode contemplated 
for carrying out this invention, but that the invention will include all embodiments 
falling within the scope of the appended claims. 
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